Enteric bacteria such as Escherichia coli are able to use C 4 -dicarboxylates, such as fumarate, malate, and aspartate, for anaerobic growth (29) . Under anaerobic conditions, the C 4 -dicarboxylates are converted to fumarate, which is then used for fumarate respiration. Conversion of malate and aspartate to fumarate is catalyzed by the dehydratases fumarase and aspartase (7, 13, 16) . Due to repression of the citric acid cycle under these conditions, succinate cannot be oxidized further and is excreted (for reviews, see references 2, 12, 19, and 27) . The transport of the C 4 -dicarboxylates is effected by carriers which are specifically produced under anaerobic conditions (5, 12, 26, 32, 33, 34) . DcuB functions as a C 4 -dicarboxylate/succinate antiporter which catalyzes electroneutral antiporting of the external C 4 -dicarboxylates (generally fumarate, malate, and aspartate) against succinate as the end product of fumarate respiration (6) . DcuB is synthesized under conditions of fumarate respiration, i.e., under anoxic conditions, in the presence of external C 4 -dicarboxylates (8, 9, 12, 14, 29, 33) . DcuB can be replaced or supported by the carrier DcuA or DcuC. DcuA is homologous to DcuB but is expressed constitutively (8) . DcuC normally functions as a succinate efflux carrier during glucose fermentation, but it can take over fumarate/succinate antiporting when required (32, 34) .
Anaerobic tartrate degradation was recognized early as a significant microbiological process, but it has not been studied in much detail (1, 10, 21, 25, 30) . Utilization of tartrate requires the presence of an oxidizable cosubstrate, such as glucose or glycerol. L-Tartrate is dehydrated by L-tartrate dehydratase (TtdAB) to oxaloacetate, which is converted via malate to fumarate ( Fig. 1) (24) . The reducing equivalents are required for the function of malate dehydrogenase and fumarate reductase. The carrier for the uptake of L-tartrate (and the export of succinate) in tartrate fermentation is not known. DcuB would be an obvious candidate for the transport of L-tartrate, since it has a broad substrate specificity and transports C 4 -dicarboxylates, such as fumarate, malate, and aspartate, in antiport against succinate (5, 6) . In addition, DcuB is expressed under anaerobic conditions in the presence of tartrate (14) . From database analysis, it has been suggested, however, that the ygjE (the putative ttdT gene) gene, which is located downstream of the ttdA and ttdB genes (encoding Ltartrate dehydratase), encodes a specific secondary carrier for tartrate/succinate antiporting (22) . It was tested, therefore, whether TtdT is required for tartrate/succinate antiporting or whether one of the Dcu carriers is used for this purpose. It turned out that L-tartrate, the major form of tartrate in nature, requires TtdT for transport. The properties of L-tartrate transport by the TtdT carrier and the differences from the general Dcu carriers were determined.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The strains used in this study are shown in Table 1 . Growth of the bacteria for mRNA isolation and transport experiments was performed in M9 medium (17) supplemented with acid-hydrolyzed casein (Gibco BRL) (0.1% [wt/vol]) and L-tryptophan (0.005% [wt/vol]) (15) . For anaerobic growth, cultures were incubated at 37°C in degassed medium in rubber-stoppered infusion bottles under N 2 . For growth tests, strains with a deleted ttdT gene or inactivated genes for other C 4 -dicarboxylate carriers were grown in supplemented M9 medium under anoxic conditions. A 20 mM concentration of L-tartaric acid (potassium-sodium salt), D-tartaric acid (sodium salt), meso-tartrate (sodium salt), or fumarate (fumaric acid disodium salt) was included as an electron acceptor, and 20 mM of glycerol was included as an electron donor.
Genetic methods. (i) Inactivation of ttdT (ygjE).
The ttdT gene was deleted by the method of Datsenko and Wanner (4), using the PCR product of the chloramphenicol resistance (Cm r ) cassette from plasmid pKD3 flanked by FRT sequences. For inactivation of ttdT, primers ttdTH1P1/2 (5Ј-TAA CCC TCC CGG  AGA GGC TCA CCC CTC TCC TTT TTC GCA GGC ATA ACA CGG TGT  AGG CTG GAG CTG CTT C-3Ј) and ttdT_H2P2/2 (5Ј-TGC GTA AAA CTA  TTG GGT GCG CCA GAG CAA TTT CCG GCA CCG TCC TCA CTC ATA  TGA ATA TCC TCC TTA G-3Ј) , which contain parts of the regions adjacent to FRT and of the target gene ttdT, were used. The PCR product was purified, concentrated, and used for transformation. Cm r colonies were tested for loss of the helper plasmid (pKD46) by ampicillin sensitivity. For deletion of the Cm r cassette, the ttdT::Cm r mutant was transformed with the FLP helper plasmid pCP20 and selected at 30°C (3). The ttdT::Cm r and ⌬ttdT mutant genotypes were verified by PCRs with test primers ttdT_test_frd (5Ј-CGA CAA CCA GTA TGC GTA AG-3Ј), ttdT_test_rev (5Ј-AGT GCT AAC CGT ACG TTA CG-3Ј), cat_frd (5Ј-GAG ATT ATG TTT TTC GTC TCA GCC AAT CC-3Ј), cat_rev (5Ј-CTA TCC CAT ATC ACC AGC TCA CCG TCT TTC-3Ј), and cat_mitte (5Ј-CTC TGG AGT GAA TAC CAC GAC-3Ј). For construction of mutants IMW528 and IMW529, dcuA::Spc r , dcuB::Kan r , dcuC::mini-Tn10 (Cm r ), and citT::Kan r were transduced successively by bacteriophage P1 kc in strains LJ1 and IMW522 (Table 1) .
(ii) RT-PCR. Total mRNA was isolated from E. coli LJ1 grown anaerobically on L-tartrate (50 mM) and glycerol (50 mM) to an optical density at 578 nm (OD 578 ) of 0.7, using Protect Bacteria reagent (QIAGEN) and an RNeasy Mini kit (QIAGEN). The mRNA was transcribed into cDNA with SuperScript III reverse transcriptase (Invitrogen), using primer ttdT_rev_RT (5Ј-CGT ATG GTG TAA GAA TGC TC-3Ј). (Fig. 2) mRNA by RT-PCR. Isolated total mRNA from bacteria grown anaerobically on L-tartrate and glycerol was reversely transcribed by RT-PCR, using primer ttdT_rev_RT, and the product cDNA was used for PCRs using primers located in the ttdA, ttdB, and ttdT genes in various combinations (see lower part of the figure). The primer combinations are given at the top of each track, and the calculated lengths of the products (bp) are given below the bands. M, 1-kb DNA ladder. (1, 628 MBq/mmol) at various concentrations at 37°C in 1.5-ml reaction tubes. After various times, the reaction was stopped by the addition of 0.9 ml of ice-cold 0.1 M LiCl followed by rapid vacuum filtration through membrane filters (mixed cellulose ester, type ME 24; diameter, 25 mm; 0.2-m pore size) (Schleicher & Schuell MicroScience). The filters were washed three times with ice-cold 0.1 M LiCl, transferred to scintillation vials with 4 (32) .
Identification of fermentation products by HPLC. The fermentation products in the supernatants of media from growth experiments were determined after removal of bacteria by centrifugation. The substrates and products in the supernatant were analyzed by HPLC on an Aminex HPX87H column (300 ϫ 7.8 mm; Bio-Rad) at 65°C with buffer (6.5 mM H 2 SO 4 ) at a flow rate of 550 l/min (28) and were quantified by UV (215 nm) and refractive index detection.
RESULTS AND DISCUSSION
The ttdT (or ygjE) gene is part of the ttd operon. The ttdA and ttdB genes encode the O 2 -labile L-tartrate dehydratase (L-Ttd or TtdAB) (24) . The ygjE (presumptive ttdT) gene downstream of ttdAB shows similarity to genes for secondary carriers of the CitT family and was suggested to encode a tartrate carrier for anaerobic growth (22) . Total mRNA was isolated from a wildtype strain of E. coli grown anaerobically on L-tartrate plus glycerol. The ttd mRNA was reversely transcribed by RT-PCR, using a primer specific for the 3Ј end of the ttdT gene. The cDNA was then amplified with three forward and three reverse primers in various combinations, one of which was located in each of the three genes (Fig. 2) . This should allow reverse transcription of each of the genes (ttdA, ttdB, and ttdT) separately, in pairs, or as the complete set of genes, depending on the mRNA present. Each of the primer pairs provided products, including transcripts corresponding to ttdA-ttdB, ttdBttdT, and the ttdA-ttdB-ttdT total transcript. The products were of the predicted sizes if one assumes cotranscription of the corresponding single genes. The amounts of the cDNAs containing ttdA and the complete fragment ttdABT were comparable, indicating that the ttdA-ttdB-ttdT mRNA is not a minor form.
Prediction of promoter regions by PRODORIC (18; http: //www.prodoric.de), which is based on the GϩC content and the calculated stacking energy of DNA segments to predict TϩA-rich promoter regions, suggested a promoter region in front of ttdA only, not in front of the other ttd genes. In addition, the intergenic region between ttdB and ttdT is small (47 bp), and the ttdA and ttdB genes even overlap by 4 bp, supporting the view that no additional promoter site is present in the ttdABT region.
Growth defects in ttdT mutants. Strains with a deleted ttdT gene were tested for anaerobic growth on L-tartrate, with glycerol as an electron donor (Fig. 3) . For the experiments, a strain deleted in genes encoding DcuA, DcuB, DcuC, and CitT, representing the carriers for C 4 -dicarboxylates in anaerobic growth (12, 26, 29, 32) and for citrate/succinate antiporting (22) , was used as the genetic background to avoid interference from other C 4 -dicarboxylate carriers. The dcuA dcuB dcuC citT strain was only slightly impaired for growth on L-tartrate with glycerol (Fig. 3A) . A mutant with a deleted ttdT gene in the dcuA dcuB dcuC citT background completely lost the capability for growth by L-tartrate fermentation (Fig. 3A) . The same result was observed for a ttdT deletion in the wild-type background. Anaerobic growth on fumarate plus glycerol, on the other hand, was not affected by inactivation of ttdT (Fig. 3B ) but required the presence of the dcuA, dcuB, and dcuC genes, as described earlier (26, 32 14 C]tartrate, uptake started rapidly, and cellular contents reached constant levels after about 2 min (Fig. 4A ). In the ttdT mutant which lacked TtdT in addition to the Dcu and CitT carriers, uptake was not significantly impaired. This is presumably due to alternative uptake carriers (YeaV, YfaV, and others) for tartrate and other C 4 -dicarboxylates which are formed in addition to the Dcu and DctA carriers when C 4 -dicarboxylates are present (unpublished data). Succinate, the proposed antiporter substrate of L-tartrate, was taken up by the TtdT ϩ strain as well (Fig. 4B ), but at a significantly lower rate. However, in the ttdT mutant, the succinate uptake rate was decreased to very low levels, indicating that succinate uptake in the dcuA-, dcuB-, dcuC-, and citT-negative strain depends on the presence of TtdT.
Succinate uptake was strongly induced in L-tartrate-grown bacteria and repressed in glucose-grown bacteria (Fig. 4) . In contrast, succinate did not induce (not shown). Induction by tartrate and repression by glucose are compatible with a role of TtdT in L-tartrate metabolism. Tartrate uptake was also induced by tartrate and repressed by glucose, though to a lesser degree. The background levels without induction and under glucose repression corresponded to about one-half the maximal activity. This background activity and the high residual activity after deletion of ttdT suggest that the bacteria contain a further tartrate uptake carrier which supports tartrate uptake but not antiporting and growth by tartrate fermentation. Expression analysis and transport assays support the presence of a further uptake carrier for tartrate and other C 4 -dicarboxylates (11; unpublished data). The alternative carriers which do not support growth by L-tartrate fermentation are presumably uptake carriers and lack tartrate/succinate antiporting capacity (unpublished data). TdtT (Fig. 5) . After the substrates reached maximal levels, unlabeled substrates were added in excess, and the effect on the intracellular levels of the loaded substrates was determined. The [
14 C]succinate-loaded cells released most of the internal succinate rapidly after the addition of external L-tartrate, which was the most efficient antiporter agent, followed by succinate and fumarate ( Fig. 5A and (Table 2 ). Internal [ 14 C]tartrate, on the other hand, was not released in significant amounts with external C 4 -dicarboxylates and related compounds ( Fig. 5B and Table 2 ). The antiporter experiment with loaded [
14 C]tartrate was performed in a similar way with bacteria which were not energized with glucose (not shown). Under these conditions, loading with [ 14 C]tartrate was slower and slightly lower, but the response to the antiporter substrates was very similar, i.e., the addition of the external C 4 -dicarboxylates caused no release of the internal [
14 C]tartrate. In the absence of glucose, no reducing agent for the conversion of tartrate is present and tartrate is not metabolized, meaning that the external substrates are indeed not able or are able only to a limited extent to release internal [ 14 C]tartrate. Therefore, antiporting in the TtdT ϩ strain is rather specific for L-tartrate and succinate and functions preferentially in L-tartrate uptake and succinate efflux (L-tartrate ex /succinate in ), whereas the reverse reaction (L-tartrate in /succinate ex ) is not efficient.
In a strain lacking TtdT (in addition to DcuA, DcuB, and DcuC) but containing CitT, the succinate uptake was decreased about 50% (Fig. 6 ). (11) can explain the relatively low degree of competitive inhibition. Overall, the competition experiments are complicated by (so far unknown) carriers for C 4 -dicarboxylates which are present in E. coli in addition to the DctA, DcuA, DcuB, DcuC, CitT, and TtdT carriers, but the experiments support the specificity of TtdT for L-tartrate. In the ttdT-negative strain, the activity was not significantly inhibited by Ltartrate, and the effects of the other C 4 -dicarboxylates were comparable to those in the TdtT ϩ strain (Fig. 7) . Therefore, in this background, another C 4 -dicarboxylate carrier which is not L-tartrate specific probably operates. However, interference from other carriers was only observed for tartrate or C 4 -dicarboxylate uptake by TtdT, i.e., for partial reactions. No interference or nonspecificity was found for the complete reaction, as demonstrated by the lack of antiporting of L-tartrate ex /succinate in and of growth on L-tartrate in the ttdT deletion strain (Fig. 3A) .
TtdT is the L-tartrate/succinate antiporter of L-tartrate fermentation in E. coli. The TtdT (previously called YgiE) carrier has been shown here to be the L-tartrate/succinate antiporter which operates in anaerobic L-tartrate fermentation. The carrier is essential for growth by L-tartrate fermentation and for anaerobic L-tartrate degradation, and it preferentially catalyzes heterologous L-tartrate/succinate antiporting, which proves its function as the L-tartrate/succinate antiporter of L-tartrate fermentation. The antiporter activity in the physiological direction (L-tartrate ex /succinate in ) is higher, by a factor of Ͼ13, than the reverse activity (succinate ex /tartrate in ). The transport experiments demonstrated that E. coli contains an additional (unknown) tartrate carrier which catalyzes uptake only, with no antiporting. This additional transport does not play a role in anaerobic growth on tartrate.
Transport of L-tartrate appears to be the only transport of a C 4 -dicarboxylate in the anaerobic metabolism of E. coli which does not use the general Dcu carriers. DcuB has broad substrate specificity and accepts all physiologically relevant C 4 -dicarboxylates (succinate, fumarate, malate, and aspartate) apart from L-tartrate. Surprisingly, the two vicinal -OH groups at L-tartrate obviously are not accepted by the Dcu carriers. TtdT is much more specific and accepts only L-tartrate, not D-tartrate, as the external substrate. In addition, TtdT is selective with respect to the transport mode and preferentially catalyzes heterologous antiporting (L-tartrate/succinate), similar to CitT catalyzing heterologous citrate/succinate antiporting. The Dcu carriers, in contrast, are able to shift between the uptake, antiporter, and efflux transport modes and catalyze homo-or heterologous antiporting (6, 12, 32) . By the use of a tartrate-specific carrier (TtdT) and tartrate-specific transcriptional regulation (20) , L-tartrate metabolism is physiologically separated from general C 4 -dicarboxylate metabolism of fumarate, malate, and aspartate, although L-tartrate ends up in fumarate respiration as well.
TtdT is a member of the carboxylate/C 4 -dicarboxylate carrier family, which is a subgroup of the DASS family (divalent anion: Na ϩ symporter) (12, 23 ; http://www.tcdb.org/index.php). The best-characterized bacterial member of this family is the citrate/succinate antiporter CitT of E. coli (22) , which shares 45% sequence identity with TtdT of E. coli. CitT can alternatively use citrate, fumarate, or tartrate as an antiporter substrate with low affinity and activity. Homologs of TtdT/YgjE have been identified in enteric and other bacteria (22, 31) , and all preferentially catalyze heterologous antiporting of carboxylic acids. For CitT and TtdT/YgjE, 12 or 13 transmembrane helices are predicted, with similar arrangements. Both proteins show similar distributions of polar amino acid residues, which are concentrated in the loops between the transmembrane helices. The polar residues include a considerable number of positively or negatively charged amino acid residues, many of which are conserved in CitT and TtdT/YgjE. This conservation suggests a role in binding of the carboxylates and/or a structural role.
